OBJECTIVES: Classically, repair of extensive thoracic aortic pathologies including the aortic arch and descending aorta required two separate major surgical procedures via full sternotomy and a subsequent left lateral thoracotomy. We describe herein our preliminary institutional experience with minimally invasive single-stage extended thoracic aortic replacement employing the frozen elephant trunk (FET) technique via partial upper sternotomy (PUS) in 14 patients.
INTRODUCTION
Due to favourable results and high patient acceptance, minimally invasive procedures are on the forefront of contemporary cardiac surgery with several well-documented peri-and postoperative advantages [1] [2] [3] [4] . Partial upper sternotomy (PUS) became a routine approach in many centres and has been used primarily for isolated aortic valve surgery [5] [6] [7] .
Surgical management of thoracic aortic aneurysms involving the ascending aorta, aortic arch and the descending aorta remains a complex and challenging operation. Classically, repair of such extensive diseases required two separate major surgical procedures via full sternotomy and a subsequent left lateral thoracotomy or endovascular repair [8] . However, the cumulative risk of two surgical procedures leads to a considerable mortality, which has been reported to be as high as 30% [9] .
The frozen elephant trunk (FET) technique, which combines conventional surgery with endovascular techniques, allows for a single-stage treatment of such extensive aortic pathologies [10] . Several studies demonstrated the safety and feasibility of the FET procedure with acceptable risk of mortality and morbidity via full sternotomy [11] [12] [13] .
Limited access for single-stage open surgical treatment of such complex clinical patterns did not seem possible thus far. We describe herein our preliminary institutional experience of minimally invasive single-stage thoracic aortic replacement with the FET technique via PUS (PUS-FET) in moderate systemic hypothermic circulatory arrest and selective antegrade cerebral perfusion (ACP) in 14 patients.
MATERIALS AND METHODS
Between December 2013 and January 2015, 14 elective patients were operated on with PUS-FET at the Division of Thoracic and Cardiovascular Surgery, Johann Wolfgang Goethe University, Frankfurt am Main (Germany). The study was approved by the institutional review board and individual patient consent for the study was waived.
Relevant clinical characteristics of our patients are summarized in Table 1 . Mean age was 66 ± 6 years, and 9 patients (64%) were male. Arterial hypertension was the most prevalent comorbidity (71%), followed by chronic obstructive pulmonary disease (36%) and concomitant aortic valve regurgitation (29%). Contrast computed tomography was available in all patients, and transoesophageal echocardiography was routinely performed in the operation theatre to assess aortic valve pathology and cardiac function.
Operative techniques
All patients were operated at our centre following the standardized institutional surgical and perfusion as well as temperature management protocol as previously described in detail [14] [15] [16] [17] [18] [19] .
Briefly, the left radial artery and one of the femoral arteries were cannulated for continuous blood pressure monitoring. Temperature probes were placed for oesophagopharyngeal and bladder temperature monitoring. The patient was positioned on the operating table in the supine position. The right axillary artery was directly cannulated (18-Fr-22-Fr flexible arterial cannula; Edwards Lifesciences, Irvine, CA, USA). A limited median skin incision (7-8 cm) was made from just beneath the sternal angle to the fourth intercostal space. The soft tissue was dissected and a flap was raised to allow access to the sternal notch. Access to the mediastinal structures was obtained through an 'L'-shaped PUS ending at the left fourth intercostal space. Care was taken not to damage the left internal thoracic artery. The right atrium was cannulated for venous drainage after the pericardium was opened. The cannulas and pericardium were tacked to the drapes under tension with several stay sutures. In our experience, this manoeuvre elevated the heart and the aortic arch anteriorly and offered good exposure. The acid-base balance was maintained using the alphastat method. Neurovascular monitoring consisted of cerebral saturation assessment using near-infrared spectroscopy (NIRS).
Cardiopulmonary bypass (CPB) was started, and cooling was limited to a bladder temperature of 28°C. The innominate and left carotid artery were snared with silicone elastomer loops and occluded at the initiation of selective ACP. After opening the aortic arch, the left sub-clavian artery was blocked by inserting a Fogarty catheter (Edwards Lifesciences). At that point, the elastomer loop snared around the left common carotid artery was temporarily loosened, and an arterial line was placed inside the vessel for bilateral ACP in case the NIRS measurement of the left hemisphere dropped below 75% of the baseline following initiation of unilateral ACP. This arterial line was simply connected as a side branch to the arterial CPB cannula. Selective ACP was conducted with a perfusate temperature of 28°C in a pressure-controlled manner. The perfusion pressure was controlled on the pump unit and kept at 75-85 mmHg, allowing for a mean flow of 1.2 ± 0.3 l/ min. Complete resection of the pathological arch was carried out sparing the island containing the arch vessels. After resection of the aortic arch, the E-vita Open® hybrid prosthesis ( Jotec GmbH) was introduced into the descending aorta in an antegrade fashion over a guidewire previously advanced through the groin. The delivery system was removed. The proximal graft segment was sutured with 3.0 polypropylene to the distal aortic stump. The entire proximal Dacron graft was pulled back and used to replace the aortic arch. Our routine approach was to reimplant the arch vessels en bloc. All suture lines were reinforced with Teflon felt; the aortic layers of the anastomosis were dried carefully and glued using a two-component glue (Colle Chirurgicale, Cardial, Saint-Etienne, France). After completion of arch replacement, the elastomer loops around the innominate and left common carotid artery were released, the Fogarty catheter was withdrawn from the left sub-clavian artery, and the arch vessels were carefully de-aired, followed by reconstitution of full-body perfusion through the right axillary artery. The proximal anastomosis was then completed during rewarming.
Statistical analysis
All perioperative data were collected prospectively. For the purpose of this study, temporary neurological dysfunction (TND) was defined as the presence of reversible postoperative motor deficit, confusion, agitation or transient delirium with complete resolution of symptoms prior to discharge from the hospital. Permanent neurological deficit (PND) was defined as the presence of either new focal (stroke) or global (coma) permanent neurological dysfunction confirmed by means of computed tomographic scanning or magnetic resonance imaging of the brain. Thirty-day mortality was defined as death during the initial hospitalization or within 30 days postoperatively for discharged patients. Data are presented as mean ± standard deviation. Categorical variables are expressed as percentages. All statistical analyses were performed with StatView (version 5.0) for Windows software (SAS Institute, Inc., Cary, NC, USA).
RESULTS
Elective surgery was performed in all patients. The mean CPB time was 214 ± 35 min, and myocardial ischaemic time accounted for 125 ± 14 min. Unilateral ACP was used in 9 patients (64%), whereas bilateral ACP was deemed necessary in the remaining 4 patients (36%) based on intraoperative NIRS measurements. 
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thoracic aorta from the sinotubular junction down to Th8, Th9 or Th10 and below was performed in all patients. The arch vessels were reimplanted en bloc in all patients. An additional David procedure was performed in 1 patient, whereas 2 patients received concomitant aortic root replacement (Bentall procedure). There was no perioperative or 30-day mortality. No conversion to full sternotomy was necessary. The mean ventilation time was 11 ± 4 h and the intensive care unit (ICU) stay reached 2 ± 3 days, while patients were discharged after a hospital length of stay of 9 ± 2 days. Chest tube drainage within the first 24 h accumulated to 460 ± 130 ml and none of the 14 patients required re-exploration for bleeding. No postoperative wound healing disorders were seen. Following direct cannulation of the right axillary artery, there were no cases of malperfusion or compartment syndrome of the arm in our patient cohort. No postoperative permanent neurological complications were observed particularly with regard to spinal cord injury. Two patients (14%) experienced a TND with complete resolution of symptoms prior to discharge from the hospital (Table 2) .
COMMENT
Surgical management of complex thoracic aortic pathologies involving the ascending aorta, aortic arch and descending aorta remains a challenging issue in cardiac surgery and is an area of ongoing development and innovation.
FET combines the advantages of conventional ascending aortic and arch surgery with those of endovascular techniques for the descending aorta, thus allowing single-stage treatment of extensive thoracic aortic disease [10, 20] . Due to acceptable rates of mortality and morbidity, this technique definitely has been proved to be an advance in aortic surgery and provides an important therapeutic alternative in selected patients [11] [12] [13] . Different studies have shown that in-hospital mortality for patients undergoing FET surgery ranges from 7 to 17%, depending on the aortic pathology [9, 11, 13, 20, 21] .
At the same time, minimally invasive approaches are gaining more widespread acceptance as a standard tool in cardiac surgery [1] [2] [3] [4] [5] [6] [7] . PUS is the most common access in minimally invasive procedures and even allows for management of aortic pathologies including the aortic root, ascending aorta and proximal aortic arch in experienced hands [22] [23] [24] [25] . Compared with standard full sternotomy, PUS reduces postoperative ventilation time, ICU stay, bleeding complications, transfusion requirements, risk of mediastinitis, hospital length of stay, pain and costs. Furthermore, PUS offers a rapid postoperative recovery and cosmetic advantages [24, 25] .
Byrne et al. [4] reported excellent outcomes of a minimally invasive approach for treatment of aortic root and complex ascending pathologies. Similarly, Tabata et al. [23] reported that an upper hemisternotomy approach is safe and feasible for ascending aortic and proximal arch surgery, with excellent early and late outcomes. In their experience, this approach was associated with shorter hospital stay and less blood transfusion requirements. In a metaanalysis of studies using ministernotomy as an approach for surgery of the aortic root, ascending aorta and proximal aortic arch, Perrotta and Lentini [24] concluded that ministernotomy could be used more liberally in the future, offering greater benefits to cardiac surgical patients.
Despite encouraging reports for proximal arch surgery via PUS, minimally invasive total arch replacement including conventional elephant trunk or FET procedures has not yet been reported. Since 'L'-shaped PUS became a routine approach in our unit over the last decade with more than 2500 patients undergoing single, double or triple valve as well as proximal aortic surgery, we thought to combine the advantages of PUS and FET to facilitate for the first time a single-stage minimally invasive approach for extensive thoracic aortic pathologies classically requiring two major surgical procedures via full sternotomy and a subsequent left lateral thoracotomy.
During the study period, contraindications for PUS-FET included reoperations, acute type A aortic dissections and concomitant coronary artery bypass graft (CABG) procedures. The 14 consecutive patients with elective indications for FET underwent minimally invasive PUS-FET during moderate systemic hypothermia (28°C) and selective ACP.
The surgical procedure was successful in all patients with no need for conversion to full sternotomy. Overall, current results can be considered satisfactory and do not reveal any obvious limitations of this concept. Aortic cross-clamp, CPB and ACP times were comparable with those of patients operated on in our unit using conventional median sternotomy. It is noteworthy that all procedures thus far were performed by two senior surgeons with frequent exposure to the field of aortic surgery and several years of experience with 'L'-shaped PUS in many patients. In this setting, PUS-FET may offer less surgical trauma with better rib cage stability, a faster postoperative recovery, less bleeding, reduced risk of sternal complications and cosmetic benefits. Encouraged by this proof of concept, we will start to train more surgeons in this approach in the near future. We would like to point out that, in our institution, all elective primary valve surgeries except for the ROSS procedure are currently being performed in a minimally invasive fashion either via L-shaped PUS or right lateral minithoracotomy. Based on this clinical routine, it was our experience that, by the simple aid of some additional stay sutures, it was possible to expose the distal aortic stump in a way that the arch replacement itself was technically possible without compromise when compared with full sternotomy (Figs 1 and 2 ).
Spinal cord injury is among the most devastating complications after FET and may result from spinal cord ischaemia during circulatory arrest, intercostal arterial occlusion by the stent or malperfusion. Previous studies revealed an incidence of spinal cord injury following FET with a range between 3 and 8% and an overall prevalence rate of PND or stroke between 4 and 7.5% [9, 11, 13, 20, 21] . In our preliminary series of 14 patients, no PNDs including postoperative spinal cord injuries were observed. Obviously, this has nothing to do with the concept of PUS-FET and the patient number is far too small to draw any definite conclusions. Yet, this excellent neurological outcome is in line with previously published data from our unit on 1002 patients undergoing aortic arch surgery during selective ACP and moderate (28°C) systemic hypothermia with an incidence rate of paraplegia of 0.03% [18] .
In summary, our initial experience with PUS-FET suggests that despite a smaller overall operative field, the areas of interest can easily be exposed to an extent that complex thoracic aortic pathologies can be treated in a single minimally invasive procedure without compromising surgical outcomes or patient safety.
Conflict of interest: none declared. Fig. 1 . By the simple aid of some additional stay sutures, all areas of interest can be exposed to facilitate surgery without compromise. In this particular case, we had to overstitch the left sub-clavian artery and bypass it with a graft from the ascending aorta.
